Despite this, in response to the notion that bank erosion is deleterious, the construction of bank infrastructure has become pervasive over the past century as an increasing population and associated development encroach on riparian landscapes. Thus, bank erosion management is a significant ecological issue.
In this article, we review the ecological significance of a range of geomorphic bank erosion processes and show that the cumulative effect of progressive bank stabilization structures is to limit riparian function and diminish habitat for riparian species. Our objectives are to (a) synthesize geomorphic and biological literature through principles that highlight the importance of bank erosion processes as disturbances integral to components of riparian ecosystems at a variety of scales; (b) identify the effects of channel bank infrastructure on riverbank and riparian ecology; (c) identify failures of current policies to manage channel bank erosion; and (d) present a rationale and framework for alternatives to such policies. The alternatives are intended to aid the development of river management and policy that promote healthier geomorphological and ecological functions in river systems where bank erosion is an issue of concern.
Geomorphic and ecologic significance of banks and bank erosion
We define "riverbank," in a geomorphic context, as the landform distinguished by the topographic gradient from the bed of a channel along the lateral land-water margin up to the highest stage of flow or up to the topographic edge where water begins to spread laterally over the floodplain surface. Bank erosion refers to the erosion of sediment from this distinct landform. Eroded sediment moves along the topographic gradient laterally toward the channel or in the downstream direction. Banks are often characterized by bare sediment, live vegetation, or snags (Roy et al. 2003) . In an ecological context, riverbanks are an important component of riparian zones. Bank habitat and function are to some degree inseparable from functions within the larger riparian zone; here we take a broader view of natural banks and bank erosion as they influence riparian areas. Ecologically functioning riparian zones provide a variety of resources and are vital centers of biodiversity (Gregory et al. 1991 , Naiman et al. 1993 , Ward and Tockner 2001 , NRC 2002 . The main functions of riparian zones are related to fluvial hydrology and sediment dynamics; retention and cycling of nutrients and pollutants; and maintenance of habitat for wildlife, including invertebrates, amphibians, reptiles, birds, and mammals (NRC 2002) . In the following sections, we review elements of banks and bank erosion that create physical and biological heterogeneity and riparian diversity. We focus discussion of bank processes and functions around principles that illustrate the significance of bank erosion and natural banks as desirable attributes of rivers:
• Bank erosion provides a sediment source that creates riparian habitat.
• Active banks create and maintain diverse structure and habitat functions.
• Riparian vegetation promotes bank stability and contributes large woody debris.
• Bank erosion modulates changes in channel morphology and pattern.
Channel banks form a significant ecotone between aquatic and terrestrial ecosystems with diverse structure and habitat functions; this article forms the critical basis for discussions of the effects of and alternatives for channel bank infrastructure.
Bank erosion provides a sediment source that creates riparian habitat. Diverse bank erosion processes occur as sediment cycles through the continuum of headwater to lowland environments within a watershed (figure 1). The dominant bank erosion process in each part of the watershed is influenced by the size of the channel, discharge, and flow strength (Couper 2004) , with the dynamic nature of erosion processes depending in part on sediment supply and transport regime (Benda et al. 2004) . Fluvial deposits vary dynamically from the headwaters to the lowland (Church 2000) . Bank erosion from headwater areas provides a source of weathered sediment that is stored for varying periods in downstream alluvial deposits (Gomi et al. 2002) . Bank erosion is a considerable sediment source in some rivers (Trimble 1997) ; however, the sediment supply is not always deleterious. Bank erosion supplies coarse sediment to channels-a size fraction that is necessary to form the physical structure of aquatic habitat. Coarse sediment, supplied from upstream and stored as channel-bed material and bedforms, makes up substrate important for macroinvertebrates. Such coarse-grained substrate promotes oxygen exchange, provides interstitial space for protection from predators, serves as attachment sites for filter feeders, and provides a food source for periphyton (Wood and Armitage 1997) . In contrast, when the sediment supply is large relative to transport capacity, such that aquatic habitat is buried, or when fine-sediment contributions from bank erosion are excessive, habitat damage may occur. In streams with large sediment inputs derived from bank erosion, there is often concern that changes in water quality due to large fine-sediment loads affect aquatic habitat (EPA 2007) . Large fine-sediment inputs may affect groundwater-surface water exchange, a factor in fish and benthic invertebrate habitat (Lisle 1989 , Kondolf et al. 2006 . Processes that include infiltration of fine-grained sediment into coarser channel substrate may in turn impede intergravel water flow in the hyporheic zone, consequently reducing oxygen levels to benthic organisms.
As a physical process that supplies and delivers sediment, bank erosion is critical for creating habitat at the watershed scale (figure 1). Riparian area structures are influenced by variations in geomorphic processes and in the resulting valley bottom deposits, including floodplains and bars (Gregory et al. 1991) . Floodplain ecosystems, a critical component of riparian ecosystem diversity Stanford 1995, Stanford et al. 1996) , are sustained by periodic erosion and sedimentation during floods (Junk et al. 1989 , Bayley 1991 , Florsheim and Mount 2002 . Bank erosion also contributes sediment to fluvial deposits, such as sandbars in the Platte River, that are important to migrating whooping cranes (Grus americana). Resting on the bars during their migration, these birds have long sight lines and are isolated from predators (NRC 2002 , Graf 2005 . Active banks create and maintain diverse natural structure and habitat functions. As a transitional zone within riparian ecotones, riverbanks accommodate highly dynamic environmental conditions. Banks can modulate floodwater surface elevations and have variable moisture regimes that satisfy the requirements of diverse plant species (NRC 2002) . Banks provide habitat at different elevation zones needed by flora and associated fauna adapted to flood pulses rising along the bank (Junk et al. 1989) . Habitats along the bank gradient are exposed to various flood frequencies, durations, and magnitudes (NRC 2002 , Naiman et al. 2005 . Thus, riparian plant communities closest to a channel are colonized by fastgrowing, water-adapted sedges, rushes, grasses, herbs, and seedlings of shrubs and trees, whereas terrestrial vegetation is deterred because of frequent flooding (Gregory et al. 1991 , NRC 2002 . At higher elevations on the bank, riparian plant communities include trees such as cottonwood (Populus), willow (Salix), and alder (Alnus), whose roots are adapted to periodic floods (NRC 2002) . Vines such as the riverbank grape (Vitis riparia) climb riparian trees, and wildlife consume their fruit. Streamside trees that overhang the channel are an allochthonous source of organic material that provides food and cover for fish. Additionally, organic material from riparian vegetation is a primary food source for invertebrates from all of the guilds, including filter feeders, shredders, scrapers, and predators (NRC 2002) . Streamside trees offer shade that modifies aquatic microclimates and maintains lower water temperatures (NRC 2002) . Bank erosion alters the gradient of vegetation during floods, and thus modifies the habitats and functions of the riparian ecosystem. Bank erosion that locally opens the tree canopy increases primary production and energy flow through the food web, leading to greater production of invertebrates and fish (Naiman and Bilby 2001) .
The channel banks and vegetation within riparian areas make up the substrate for insects emerging from the water, and those insects provide a food source for breeding and migrating birds (Benke and Wallace 1990, Graf et al. 2002) . Dense, newly established vegetation patches formed following erosional, depositonal, or flood disturbances offer habitat for diverse bird species (table 1).
Amphibians that require water for part of their life cycle, such as frogs, toads, and salamanders, rely on bank microhabitat for dispersal onto land after emerging from the water (NRC 2002) . Many reptiles require functioning riparian areas to complete their life cycles. For example, the wood turtle (Clemmys insculpta) establishes nesting burrows in recently deposited, unconsolidated sediments of riparian areas (Vogt 1981 , NRC 2002 , Harding 1997 . Snakes hunt in biologically rich riparian ecotones (NRC 2002 (Sabo and Power 2002) . Semiaquatic mammals such as the water shrew (Neomys fodiens), star-nosed mole (Condylura cristata), beaver (Castor), river otter (Lontra Canadensis), and mink (Mustela) find food and shelter resources in riparian habitats (NRC 2002) . Natural banks and associated vegetation offer cover for these animals while they move back and forth between water and land.
Riparian vegetation promotes bank stability and contributes large woody debris. Riparian vegetation influences bank stability (Simon and Collinson 2002) because the type and density of vegetation cover and the roots that stabilize banks minimize bank erosion (Pizzuto and Mecklenburg 1989 , Abernethy and Rutherfurd 1998 . Riparian forests generally maintain bank stability, but flow that scours around individual pieces of large wood derived from riparian forests may accelerate bank erosion rates locally-this contrast highlights the importance of considering scale in assessing bank erosion (Montgomery 1997) . During floods, bank erosion delivers large woody debris to channels (Piegay et al. 1999 , Wyzga and Zawiejska 2005 , Sudduth and Meyer 2006 . The large woody debris changes bed and bank morphology and increases channel complexity (Ralph et al. 1994) . Pool formation in forested ecosystems is controlled in part by the size and abundance of large woody debris, but other factors are also important (e.g., sediment supply; Buffington et al. 2002) . In rivers with fine substrate, large woody debris provides a stable substrate for organisms in channels otherwise dominated by highly mobile, fine-grained bed sediment (Junk et al. 1989) .
Bank erosion modulates changes in channel morphology and pattern. Bank erosion includes two main processes that are often interrelated: mass wasting processes and fluvial erosion (Hooke 1979 , Thorne 1982 , Odgaard 1987 , Hasegawa 1989 , Lawler 1993 , Darby and Thorne 1996 , Lawler et al. 1997 , ASCE 1998 , Simon and Curini 1998 , Casagli et al. 1999 . Mass wasting processes on riverbanks include various types of slides (e.g., shallow or deep slides) and slab failure characterized by linear or rotational failure planes. Slides occur when the driving force exceeds the resisting force during floods or shortly after storm flows recede. Subsequent floods may erode sediment deposited in the channel from a slide. However, while the sediment remains at the base of the bank, it may locally increase the physical heterogeneity of the channel through the addition of large woody debris and cobbles, and the creation of microtopography and bare surfaces at various elevations above the channel bed.
Fluvial erosion occurs during floods when the near-bank flow velocity and acceleration exert shear stress on the banks that is greater than the critical shear stress needed to entrain bank sediment. Fluvial erosion frequently scours the toe of the bank, causing the upper portion to collapse (Thorne and Tovey 1981) . The relation between the rate of sediment supply from bank erosion and the rate of fluvial transport of this material from the base of the bank controls the rate of bank retreat (Thorne 1982) . Floods that cause erosion are stochastic, and local field conditions-as well as human modifications-are highly nonuniform. Thus, measurement and prediction of long-term erosion rates is complex; in practice, there are numerous challenges in extrapolating temporal and spatial scales of bank erosion (Couper 2004) .
Fluvial erosion of bank sediment may expose tree roots or undercut and destabilize bank vegetation. Alternatively, if bank sediment bound by a root network resists erosion, flow may undercut banks below the roots, forming new niches for crustaceans, mollusks, or juvenile fish to hide from predators and find low velocity refugia during floods. For example, the California freshwater shrimp (Syncaris pacifica) prefers treelined banks with underwater vegetation, where it can rest on exposed roots in the summer and seek shelter by clinging to roots exposed in undercut banks during winter floods (Biosystems Analysis 1994). Additionally, fluvial erosion that scours sediment from the base of riverbanks maintains habitat for some avifauna, such as the bank swallow (Riparia riparia), which relies on unconsolidated bank sediment for nesting (Garrison et al. 1987) . Erosion is a critical process in maintaining the vertical banks that preclude predators' access to bank swallow nests and prevent vegetation from covering the birds' habitat. Nesting colonies move to new sites along a river each year, taking advantage of new vertical banks that form following bank erosion.
Mass wasting and fluvial erosion at bends drives episodic or progressive channel migration and changes in channel pattern, which influence the establishment of riparian vegetation. Bank erosion is associated with long-term evolution of channel pattern and short-term geomorphic adjustments that alter morphology, including widening, migration, braiding, and avulsion and associated channel abandonment. Thus, the influence of bank vegetation on erosional resistance is a control that, along with other fluvial variables such as river slope and discharge, influences alluvial river patterns (Millar 2000) . Bank erosion may occur on one or both banks in incising, aggrading, or in laterally migrating channels (ASCE 1998 )-adjustments that lead to the formation of new scoured surfaces. Thus, bank erosion provides new niches for vegetation requiring sunlight and lack of competition. Recruitment of woody plant species such as cottonwood and willow occur on such alluvial surfaces (NRC 2002) .
Bank erosion is especially prevalent, and erosion rates are highest, on the outside of river bends, where fluvial processes, mass wasting, and undercutting of riparian vegetation leads to meandering (e.g., Leopold and Wolman 1957 , Johannesson and Parker 1989 , Hupp and Osterkamp 1996 . Bank erosion that facilitates meandering and creation of abandoned channels is important because it leads to vegetation succession, which is necessary for riparian diversity (Salo et al. 1986) . Riparian plant succession is initiated with the establishment of patches of seedlings that favor bare substrate created during floods (Friedman and Auble 2000) . As point bars and vertically accreted sediment deposits extend, and younger vegetation becomes established after subsequent floods, vegetation patches increase in age in a direction opposite to the migrating channel (Everitt 1968 , Naiman et al. 2005 .
Bank erosion also occurs in relatively straight, braided, or multiple-channel systems, and is often associated with changes in water and sediment supply that lead to incision (Simon et al. 1999 , Thorne 1999 . Channel adjustments that increase bank height and instability in incised channels ultimately lead to widening and deposition of sediment surfaces at elevations that support the establishment of riparian trees (Simon 1989) . In braided channels, bar accretion may lead to local bank erosion when the flow is diverted around a bar toward the bank. In multiple channel systems, bank erosion facilitates avulsion, which creates new channel habitat patches within the floodplain and leaves others abandoned. Thus, bank erosion is one component of an array of geomorphic processes that govern channel evolution and lead to the morphologic diversity in habitat needed to sustain riparian biodiversity.
Effects of channel bank infrastructure
Channel bank infrastructure such as riprap, gabions, or concrete lining is increasingly common in agricultural, rural, and urbanizing areas, where its usual purpose is to limit land loss and associated hazards and damages. Many types of hard material are used (figure 2). Structures vary in extent from the scale of the individual bank erosion feature to longer reaches associated with urbanization or flood control projects that are kilometers long. Table 1 identifies and summarizes the main geomorphic and ecological effects of channel bank infrastructure, the potential habitat or ecosystem services lost, and examples of organisms affected.
Hard bank structures increase flood velocities along banks, preventing the establishment or survival of many riparian plant species (NRC 2002) ; thus, bank stabilization can have negative effects on riparian areas (Sedell and Beschta 1991, Fischenich 1997) . Channel complexity tends to be reduced by the changes that channel bank infrastructure produces: elimination of bank irregularity and channel-width variations, homogenization of near-bank flow velocity, loss of access to side channels, loss of natural bank substrate, and limitation of geomorphic adjustments. Moreover, complex riparian areas offer a greater variety of food sources and physical habitats than do simple plant communities of uniform age and species, which are characteristic of stabilized banks (Gregory et al. 1991) . Completely arresting bank erosion disrupts the lateral channel-bank sediment exchanges that are necessary to sustain an array of aquatic habitats ( Land-use changes that remove riparian vegetation have a significant influence on channel banks (Allan 2004) . Hard erosion-control structures eliminate substrate for and microhabitats of plant species that grow on banks. They also impede the movement of species that use riparian zones for migration corridors, reduce structural integrity offered by roots, destroy reptile nesting areas, and diminish habitat for avifauna (NRC 2002) . For example, willow habitat for the southwestern willow fly catcher (Empidonax traillii extimus) is threatened on the heavily modified Rio Grande in Colorado and on other southwestern rivers in the United States (Graf et al. 2002) . Similarly, unconsolidated bank substrate habitat for the bank swallow is destroyed by riprap.
Removal of riparian vegetation reduces shade and energy input from fallen leaves, and can raise stream water temperature and primary production (Quinn 2000) . Loss of riparian vegetation also reduces the volume of wood in channels (Johnson et al. 2003) . Habitat created by large wood in channels once provided essential overwintering habitat, but is now considered a key limiting factor for coho salmon and other fishes in the Pacific Northwest (Moyle 2002) . Similarly, deforestation of tropical ecosystems limits wood availability to pools, which plays a role in structuring fish communities and increases aquatic diversity (Wright and Flecker 2004) .
In streams where riparian vegetation is removed from banks to make way for erosion control structures, it follows that macroinvertebrate production, essential for aquatic food webs, is often diminished. The diversity and density of aquatic macroinvertebrates are higher in streams with wider riparian areas (Newbold et al. 1980 ). Roy and colleagues (2003) found the strongest relationships between various macroinvertebrate indices and forest cover within a 100-meter-wide riparian buffer zone. The ecological consequences of erosion control infrastructure in urbanizing rivers include the removal of vegetation and the loss of habitat for macroinvertebrates (Sudduth and Meyer 2006) .
The use of erosion control structures that reduce deleterious effects on biota has advanced in the past few decades (Downs and Gregory 2004, Chin and Gregory 2005) . Recent engineering approaches often incorporate vegetation in the structure design to reduce habitat degradation. Despite inclusion of large woody debris or living vegetation in some channel bank infrastructure, however, two important geomorphic issues arise: (1) channel bank infrastructure fundamentally alters geomorphic processes, and (2) structures may be ineffective, especially over the long term. Gilvear (2000) noted that bank erosion-control structures might fail when flood magnitudes exceed the discharges for which the structures are designed, or when processes such as channel migration are ignored. Because hard structures, even when they incorporate vegetation, impede geomorphic adjustment processes, they can lead to more damaging erosion events locally or in downstream reaches (Henderson 1986 , ArnaudFassetta et al. 2005 . Nevertheless, bank erosion-control structures can be effective in minimizing land loss over decadal timescales (Shields et al. 1995) , although some evidence suggests that they are ineffective over multidecadal timescales and potentially have secondary effects (Larsen and Greco 2002, Thompson 2002) . Thus, the geomorphic and ecological effects of channel bank infrastructure may be severe, although generally little monitoring is done to assess the effects or the effectiveness of projects that use channel bank infrastructure (Kondolf and Micheli 1995, Harris et al. 2005) . As a management strategy, construction of channel bank infrastructure addresses only one component (bank erosion) of the full spectrum of habitat degradation and environmental problems found in developing watersheds-problems such as channel incision, removal of riparian vegetation, changes in hydrology, and pollution (Booth 2005 , Meyer et al. 2005 ).
Shortcomings of current riverbank management
The causes of bank erosion are complex and often combine disparate geomorphic processes, such as fluvial erosion and mass wasting. However, riverbank stabilization structures often are designed to address only fluvial erosion, and thus fail on banks where mass wasting processes are predominant (figure 3).
Failure to understand bank erosion processes and functions. Fluvial erosion and mass wasting processes both lead to channel migration, a mechanism that maintains the ecological structure of riparian ecosystems (Bravard and Gilvear 1996) and the width adjustments necessary for river morphology to adapt to incision and episodic or variable sediment loads. Thus, bank erosion is integral to sediment transfer, river evolution, and ecosystem sustainability. In fact, bank erosion is a necessary process that may bring about eventual channel stability in urbanizing systems (Chin 2006) . Henshaw and Booth (2000) suggested that construction of channel bank infrastructure should not be an immediate response in watersheds with a low level of urban development or where development is in progress, because hard structures may prevent the adjustments required for a channel to stabilize on its own. Further, Sudduth and Meyer (2006) suggested that total elimination of bank erosion should not be a goal of habitat restoration because limiting bank erosion simplifies complex natural channel morphology. Thus, the short-term benefits of bank erosion-control infrastructure on geomorphic processes and ecological function may come with relatively high long-term environmental costs.
Failure to consider bank erosion management at the appropriate scale. Channel bank infrastructure constructed at the local scale is often implemented structure by structure over the short term by individual landowners or by government or public agencies. Such practices do not consider bank erosion in the geomorphic or ecological context of the appropriate temporal and spatial scales-namely, long-term and systemwide scales.
Couper (2004) pointed out the importance of defining and linking scales because rates of erosion measured over the course of long-term river evolution contrast with rates documented for a short period of time within a channel reach. Various river resource and regulatory agency management guidelines (Flosi et al. 1998 , McCullah and Gray 2005 , EPA 2007 ) address bank erosion processes at the scale of an identified erosion site even though channel bank erosion is a river management issue best addressed at the watershed or ecosystem scale. Rarely is the spatial extent or temporal frequency of bank erosion processes documented in the comprehensive manner necessary for long-term, watershed system-scale analyses. Moreover, the potential effects of global warming on geomorphic processes (Tucker and Slingerland 1997, Goudie 2006) are rarely considered in bank erosion management. Failure to consider the spatial distribution, extent, and temporal frequency of both bank erosion and bank erosion-control infrastructure at the scale of the watershed over the long term precludes understanding of the influence of bank erosion processes on both geomorphic and ecological functions. Without considering these scales, understanding the secondary and cumulative effects of bank infrastructure is not possible.
For example, bank erosion is a critical concern within California's Sacramento River system because eroding stream banks threaten levee integrity. The US Fish and Wildlife Service (USFWS 2000) estimates that more than half of the river's banks on the lower 310 kilometers of the Sacramento River were riprapped during the past 40 years as part of the Sacramento River Bank Protection Project. Governor Schwarzenegger brought the erosion issue to the policy forefront in the 2006 declaration of a state of emergency for California's levee system. The emergency declaration directed the California Department of Water Resources (DWR) to identify and repair erosion sites in the state-federal project levee system "in order to prevent catastrophic flooding and loss of life." More than 100 erosion sites were documented along the main stem (excluding tributaries) of the Sacramento River in 2005, and more than 20 were reported as critical, with bank erosion progressively threatening levee integrity. In 2006, DWR and the US Army Corps of Engineers undertook 21 levee repairs on the river's main stem (DWR 2006) . Maintaining the dynamic Sacramento River in response to episodic erosion mechanisms carries a great economic and environmental cost-in particular to the bank swallow-and as a river management approach, it is not currently sustainable. Nor will the system be sustainable in the future, should flood discharges in the Central Valley increase, as they are predicted to do as a result of climate change (Dettinger et al. 2004 ).
Failure to consider secondary effects. Channel bank infrastructure that limits the geomorphic processes that transfer sediment through dynamic natural systems may lead to undesirable secondary effects. For example, such structures may reduce sediment supply to channels. In addition, such structures can shift the locus of erosion as the river adjusts to the hardened area that the structure presents. Bank structures can narrow channel width, leading to higher flow strength and thus initiating a cycle in which the increased flow strength, in combination with reduced sediment supply, leads to channel deepening. The deepening may in turn increase bank height and accelerate bank erosion. Thus, in deepening channels, bank structures may become ineffective and may be de stabilized by continuing erosion.
Failure to consider long-term and cumulative effects. In many fluvial systems, hard bank erosion-control structures already exist, products of previous erosion control efforts. Over time, these structures are joined by new ones erected to armor new erosion sites, producing assorted generations and styles of channel bank infrastructure, all within short reaches of the same channel. As each new structure interacts with geomorphic processes, bank erosion may shift to a new location, creating a chain reaction in which each new section of eroded bank is armored with new erosion control structures. One consequence of channel bank infrastructure that has long-term effects (beyond the design life of the structure) is that a structure may preclude future restoration attempts designed to incorporate self-design and self-sustaining habitats (figure 4). If cumulative long-term effects are not taken into consideration, the result could be progressive construction of channel bank infrastructure that, although intended to limit local bank erosion, tends toward eventual channelization of entire river systems.
Alternatives to channel bank infrastructure
Alternatives to channel bank infrastructure that provide a vision for sustainable river management must accommodate dynamic geomorphic processes that sustain ecological functions and habitat on channel banks. Figure 5 identifies management actions and alternatives necessary to accommodate bank erosion processes. These actions are intended to reverse past and current failures in riverbank management. First, it is imperative to understand bank erosion processes and functions in diverse riparian systems. This requires the identification and assessment of geomorphic processes, ecological functions, and the likely effects of channel bank infrastructure. Second, it is imperative to consider bank erosion management at the appropriate temporal and spatial scales-that is, at the watershed scale over the long term, even if the extent of local erosion is small. Doing so will help avoid treating the symptom rather than the cause of erosion. Third, the secondary effects of any approach to modulate erosion must not interfere with the potential for future restoration initiatives or with the natural river adjustments needed to maintain equilibrium. Finally, to conserve aquatic and terrestrial riparian habitat, long-term and cumulative ecological and geomorphic effects must be considered in the context of the legacy of past and potential future projects.The four alternative approaches discussed below provide a conceptual framework to help planners and policymakers address bank erosion issues (figure 5). Dynamic-process conservation areas are defined here as zones with sufficient area to accommodate bank erosion along with other dynamic processes, such as flooding. This approach accommodates geomorphic processes active within a watershed's sediment transport system over the long-term instead of focusing on the local scale, at which processes are episodic and erosion is transient. Designation of the appropriate extent of dynamic-process conservation areas could be accomplished through integrated ecological and geo morphic scenarios for restoration. Process-based restoration (Wohl et al. 2005) promotes floodplain functions, such as flooding, and inclusion of secondary channels, floodplain lakes, or marshes that rely on connectivity (Buijse et al. 2002) . Dynamic-process conservation areas support connectivity and conservation of habitat and services needed by organisms that utilize riparian areas (see table 1 ). This alternative could be achieved through the development of long-term strategies to acquire riparian and adjacent land, land-use planning within ripariancentric governance structures, and multiagency and private or nongovernmental organization partnerships.
An erosion easement is a legally binding restriction placed on private or public riparian land to allow bank erosion processes to operate. Easements to accommodate geomorphic processes and ecological functions could be a component of a riparian buffer that promotes habitat or ecosystem services (see table 1 ). Designating the appropriate extent of an erosion easement depends on a thorough assessment of bank erosion processes and fluvial system evolution at the watershed scale; Piegay and colleagues (2005) addressed methods of quantifying appropriate widths on the basis of geomorphic processes. As with strategies to develop dynamic-process conservation areas, implementation of this alternative would require longterm land-use planning in order to purchase land and obtain landowner agreements along both riverbanks within riparian corridors.
Elimination of direct stressors, the impacts caused by human activities or land uses that directly cause or accelerate bank erosion processes, is a relatively simple way to enhance bank stability. For example, grazing is a stressor that leads to riparian vegetation denudation; however, the impact may be eliminated through exclusionary fencing, which keeps cattle from damaging stream banks and riparian vegetation in rangeland. This option could be implemented in concert with all the other alternatives to decelerate bank erosion through land-use planning, best-management practice guidelines, or ordinances.
Nonstructural approaches are those that do not contain hard elements such as large rocks, concrete blocks, root wads, or large woody debris as construction materials. Such approaches include planting native vegetation without inclusion of hard elements. In particular, willow sprigs are commonly planted to promote root networks that bolster bank strength. Fences are sometimes constructed of willow branches, which later take root and sprout. Such alternatives may not completely arrest bank erosion, but they may be beneficial when the management aim is short-term moderation of erosion processes that does not inhibit the potential for future restoration or preclude the long-term benefits of alternative management approaches such as dynamic-process conservation areas or erosion easements.
Transcending traditional notions of bank erosion management
Pervasive construction of infrastructure to control bank erosion-a product of the notion that bank erosion is deleterious-has greatly diminished natural channel banks, geomorphic processes, and ecology. Management approaches that aim to arrest bank erosion at the scale of the transient erosion site are spatially constricted and consider only the short term. Hard structures may include vegetation, but they cannot sustain or restore riparian functions in urban or rural areas. Thus, the challenge is to develop sustainable bank management alternatives that preserve aquatic organisms and riparian plants, birds, and other wildlife (see table 1 ).
Differentiating between extensive or chronic bank erosion caused by human activities and land uses versus those caused by natural geomorphic processes and river evolution warrants attention in current science and management efforts. In order to protect riparian functions, river management and policy decisionmakers must determine when channel bank infrastructure is warranted on the basis of societal needs. Management decisions to implement channel bank infrastructure may be necessary in some cases to protect public safety; however, an appropriate starting point for discussion is science-based policy that promotes conservation and restoration of river processes and channel bank habitat and functions. Policy based on alternatives illustrated in figure 5 stems from a growing understanding that bank erosion is one geomorphic process inexorably linked with ecological functions. Global river management efforts (Brookes 1995 , Kauffman et al. 1997 , Piegay et al. 1997 , Cals et al. 1998 , Gilvear 2000 , Golet et al. 2003 , F. Nakamura et al. 2006 , K. Nakamura et al. 2006 and research that promotes conservation and restoration of natural processes support the alternatives presented in this article.
Conclusions
Bank erosion is one component of the natural disturbance regime of river systems and is integral to long-term geomorphic evolution of fluvial systems and to ecological sustainability. Bank erosion is therefore a desirable attribute of rivers. Four shortcomings in current river management are the (1) failure to understand and accommodate bank erosion processes and functions, (2) failure to consider bank erosion management at the appropriate scale, (3) failure to consider secondary effects of bank erosion-control infrastructure, and (4) failure to consider long-term and cumulative effects of bank erosion-control infrastructure. These failures are often synergetic. For example, rarely is the spatial extent or temporal frequency of bank erosion processes documented comprehensively enough to allow for long-term watershedscale analyses that could illuminate the cumulative effects of channel bank infrastructure. Such analysis is necessary to avoid the progressive channelization of rivers. To address current and past management failures, we identify and discuss broad alternatives to accommodate geomorphic processes that promote riparian functions: (a) dynamic-process conservation areas, (b) erosion easements, (c) elimination of direct stressors, and (d) nonstructural approaches, such as those that include live vegetation that may moderate bank erosion processes without limiting long-term geomorphic evolution. Combining bank management goals that conserve diverse natural bank habitat and riparian vegetation with policies that accommodate erosion processes and watershedscale sediment cycling and river evolution contributes to a strong basis for sustainable river management.
